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ABSTRACT
A heterodyne interferometer and a data acquiring algorithm have been developed to measure the
movement of a mirror in one dimension, as well as its rotation around two axis. The interferom-
eter uses spatially separated beams to reduce periodic optical non-linearities, furthermore the
optical set-up was designed for low drift, few number of optical elements and easy adjustment.
The FPGA-based signal processing is based on an undersampling technique with the aim to
minimise the calculation effort. The working principles of the interferometer and the electronics
are described and their remaining non-linearities are investigated. Finally, the z-position, the tip
and tilt angle of a planar stage are measured with the described system as an example of use.
Index Terms - interferometer, heterodyne, FPGA, non-linearities, undersampling
1. INTRODUCTION
Interferometers in general are used in high-precision machines such as coordinate measuring
machines, wafer steppers and for calibration [7]. For length measurement tasks with demands for
very high accuracy and very low drift, heterodyne interferometers (HIF) are of great importance.
In contrast to homodyne interferometers, HIF are insensitive to signal intensity and ambient light
variations due to the constantly alternating signal of a HIF. This makes them perfectly suitable
for slow varying movements such as drift measurements. Therefore, they are especially used for
displacement measurement of precision stages [8] as well as sensor calibration.
However, due to the complex signal processing, requiring numerous operations (mixing,
ﬁltering) on high frequency signals, HIF require high-performance Hardware for A/D-conversion
and computation which makes them comparatively expensive. Furthermore, in interferometers
with coaxial beam design, optical non-linearities expend the bulk of the measuring uncertainty.
To overcome those drawbacks, a simple plane mirror interferometer set-up without optical
non-linearities as well as efﬁcient signal processing algorithms, requiring less powerful hardware,
were developed in this project.
2. STATE OF THE ART
Heterodyne interferometers of the classic Michelson design with coaxial beams suffer from leak-
age beams which result from optical parts imperfections (reﬂections at glass surfaces, incomplete
polarisation separation of beam splitters), inevitable leading to frequency mixing and periodic
optical non-linearities. Figure 1 shows the leakage beams occurring in a coaxial set-up.
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Figure 1: Coaxial heterodyne interferometer with
imperfect polarisation splitting, leading to
leakage beams (dotted) and thus optical non-
linearities.
BS:beam splitter, PBS: polarising beam split-
ter, P: polariser, PD: photodiode, QWP: quarter
wave plate, M: mirror.
Several attempts were made to avoid this frequency mixing by spatially separating the two
heterodyne frequencies instead of using two coaxial beams with orthogonal polarisation.
In [9] an interferometer using a retro reﬂector (corner cube) as measuring reﬂector is described
(ﬁg. 2). The heterodyne frequencies enter the beam splitter spatially separated and their orienta-
tion is ﬂipped at the measuring reﬂector to overlap the beams. As this system relies on the beam
shift induced by the retro reﬂector, it is not suitable for plane mirror applications.
Figure 2: Set up of a heterodyne in-
terferometer with spatially separated
beams using a retro reﬂector as mea-
suring reﬂector and to unite the two
beams [9].
NPBS: non polarising beam splitter,
PD: photo diode
Another attempt with separated beams is shown in [10]. There, a plane mirror double pass
interferometer is described. A right angle prism is used for generating the second pass and the
beams are ﬁnally united using a PBS. The set-up of this interferometer is, however, a single
axis set-up, not suitable for (multi axis) angular measurements. The Delft-PM interferometer
described in [11] is using a similar single axis set-up with corner cubes for beam shifting and a
plane mirror as measuring reﬂector.
The design proposed by [12] is a plane mirror set-up which is in principle applicable for multi
axis interferometers. However, the separate splitting of the two heterodyne frequencies makes
this approach impractical for numerous measurement axis due to the large number of necessary
beam adjustments.
3. INTERFEROMETER SETUP
3.1. Optics
The characteristic of the HIF designed in this project is the consequent spatial separation of the
two heterodyne wavelengths: both wavelengths are generated by two PLL-coupled He-Ne-lasers
[13] and transmitted to the HIF by separate optical ﬁbres. Inside the HIF, both beams propagate
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parallel with a distance of 4mm and are not united before completely passing the whole interfer-
ometer. With this approach of spatial separation, unwanted interactions of the beams (frequency
mixing) are effectively suppressed. This results in very low periodic optical non-linearities in the
pico-metre-range. The HIF designed in this project is a 3-beam interferometer for measuring
displacement z and two rotation angles ϕx, ϕy.
Typically, a fraction of both heterodyne frequencies is coupled out before the interferometer
to obtain the reference signal (ﬁg. 1). This way, inﬂuences of the following optical parts as
well as local differences in the refractive index inside the beam path remain unrecognised. To
compensate these inﬂuences, an additional interferometric axis was included, which passes the
HIF in the same way the measurement beams do. Thus, the present inﬂuences of the optical
parts and the like equally take effect on the measurement and reference beams and are therefore
compensated as best as possible.
As a ﬁrst step, the two heterodyne frequencies are split in four beam pairs where three pairs
serve as the measuring beams and one pair as a reference for the beat frequency. The splitting
assembly (ﬁg. 3) is designed for minimal adjustment necessity. When f1 and f2 enter the set-up
parallel, they will stay parallel throughout the whole optical assembly. Thus, it is sufﬁcient to
adjust the beams pairwise at the exit of the splitter to compensate the angular tolerances of the
beam splitters and mirrors.
Figure 3: Beam splitting of the 4 interferometer axes. The
adjustment complexity is reduced, as f1 and f2 are adjusted
simultaneously by a pair of wedge plates.
Upper picture: side view, lower picture: top view.
The four beam pairs are afterwards passed to the actual interferometer. As they are orthogo-
nally polarised, the frequencies are separated at the main polarising beam splitter. After passing
the quarter wave plates they hit a ﬁxed or the measuring mirror respectively and reach the lower
beam splitters. There, f2 is shifted parallel to overlap with the f1-beam. The linear polariser is
used to match the polarisation of the frequencies to enable their interference.
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Figure 4: Left side: Beam arrangement in the interferometer (view along beam propagation).
Three beam pairs serve as measuring beams for determining the mirror position in 3 axes (z,
ϕx, ϕy). The fourth beam pair serves as a reference (beat frequency).
Right side: Beam path in a HIF with separated beams (one axis). The heterodyne frequencies
(green, red) are kept separated until short before the photodiodes, so leakage beams (dotted)
have no effect on the related parallel beam, avoiding unwanted frequency mixing and optical
non-linearities. For the reference beam pair, the f1-mirror is ﬁxed, representing the beat
signal.
Advantage of this set-up: The optical paths are nearly identical for measurement and refer-
ence pairs (same glass length, same path in air with small displacement).
To reduce the number of optical elements, all beams of f2 are shifted at the same time in
the same direction (ﬁg. 4) to unite both heterodyne frequencies. This group wise shifting also
reduces the necessary adjustments as the beams run parallel anyway.
4x beam
splitting
wedge plates
main PBS
beam uniting
ﬁxed f1-mirror
for beat frequency
Figure 5: Left side: CAD model of the HIF with beam layout. Two beam pairs are visible, two
more are located beneath.
Right side: Interferometer with ﬁxed f1-mirror for the beat frequency. The three remaining
beams run aside that mirror, hitting the actual measuring mirror (not shown).
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4. SIGNAL PROCESSING
The heterodyne interferometer, which is described in this paper, uses two laser beams with a
difference frequency of f1− f2 = f0 = 4MHz. A splitting assembly (ﬁg. 3) produces four beam
pairs of which one serves as a reference. The remaining three beam pairs, however, are reﬂected
by a movable measurement mirror. The following procedure describes the evaluation process
that is individually done for all three measurement signals.
If the measurement mirror moves, the detected frequency in the measurement signal is shifted
by the Doppler effect fmeas = f1− f2+ fd . The phase shift between reference and measurement
signal depends linearly on the mirror position (Δx) and needs to be determined. This is realized
with the "RedPitaya" [3], which is a System-On-a-Chip with an integrated FPGA, CPU, two
A/D-converters and various output ports. It determines the phase shift by undersampling both
signals with an undersampling factor of r = fsignalfsample = 4. Since the sampling rate is below the
Nyquist frequency fsample <
fbeat
2 , an aliasing effect occurs that shifts the frequency band f0± fd
to the baseband [4]. If the frequency of the signal shifts below or above f0 , the difference
frequency is detectable in the undersampled signal. In order to decide whether the signal is in-
U
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Figure 6: (a) shows a signal (black) that is undersampled with a factor of r = 4. Each time, the
intensity of the signal is detected at two certain points (orange=sine and blue=cosine). These
are shifted by a quarter period (90◦) of the original signal. The vector diagram (b) illustrates
the determination of the phase for one pair of values.
creasing or decreasing, two points with a 90◦ phase shift are acquired each time (sine and cosine).
Fig. 6a shows an example of undersampling a signal (black) with a slightly increased frequency.
The orange and blue points represent the undersampled sine and cosine signal. Each pair of
values is used to determine the phase of the incoming signal in relation to the undersampling
rate ϕ = arctan(UsinUcos ). This is exemplary visualized for an acquired value pair in ﬁg. 6b. If the
frequency of the signal doesn’t exactly match the undersampling frequency, the phase starts to
rotate. However, this is compensated by calculating the difference between the phase of the beat
and measurement signal ϕ = ϕbeat −ϕmeas.
The calculation of each phase is realized with an iterative CORDIC algorithm [5] with a range of
360◦. An excess of this limit produces an overﬂow and thus results in a jump. An example of
this effect is given in top of ﬁg. 7.
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Figure 7: The incoming beat and measurement signal with a constant but unequal increase, as
well as noise (top). Overﬂowing of the phases result in jumps that are detectable in the phase
difference, too (middle). The FPGA compensates the jumps with an offset value (bottom).
Since the signals increase with different gradients, the jump frequency is different, too. All
jumps of both signals are also present in the difference signal which is shown in the middle of
ﬁg. 7). The only exception is a jump of both signals at the same time which results, depending on
the jumping direction, in a compensation or accumulation of the jumps. This is the case for the
second edge of both signals. In order to detect these jumps, the FPGA compares each value of
the phase difference with the previous one. If this value exceeds a speciﬁc threshold, the FPGA
changes an offset value to compensate the jump. Due to the gradient of the phase difference and
the noise level, the threshold is slightly below the actual jump height. The last diagram in ﬁg. 7
shows the corresponding offset for the incoming signals. The sum of the offset and the phase
difference represents the mirror position without jumps.
In order to increase the signal-to-noise ratio, the signal passes a digital low pass ﬁlter that
is realized as a FIR ﬁlter with 2048 coefﬁcients in a symmetric Hamming-window [6]. The
remaining noise is ≈ 1% of the initial noise level.
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Figure 8: Illustration of the data
ﬂow inside the RedPitaya. Both
signals are acquired separately
with an A/D-converter. The in-
ternal clock of the RedPitaya
serves as a time reference to
undersample both signals. A
CORDIC based algorithm trans-
forms the resulting sine and co-
sine signals into an angle. The
jumps of the difference signal
are detected and compensated.
Afterwards, the signal is ﬁltered
by a FIR-Filter which reduces
the noise. Two possible out-
put interfaces enable the user to
transfer the data.
However, the ﬁlter causes a delay of ≈ 1ms and reduces the dynamics of the system by
cutting off the higher frequencies. This trade-off is acceptable, since the mirror movement is
relatively slow. The reconﬁgurable FPGA enables the user to easily change the ﬁlter coefﬁcients,
if required. Each step of the signal processing within the FPGA is summarized in ﬁg. 8.
4.1. Limitations and non-linearities
The principle of undersampling is an efﬁcient way of data acquisition with low hardware require-
ments. However, the range of the measurable frequency and thus the speed of the measurement
mirror is limited. The maximal frequency difference must be below the Nyquist frequency which
leads to Δ fmax > f0r·2 . Assuming a symmetrical frequency band, the maximal speed of the mirror
is vmax =±158mms−1. This limit could be raised by choosing a lower undersampling factor
which, however, would increase the hardware requirements.
Another disadvantage of the undersampling principle is the appearance of periodical non-
linearities. One can distinguish two categories of non-linearities: dynamic and static. Both occur,
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if the time difference between the sine and cosine detection is not exactly 90◦ of the current
signal frequency. The dynamic non-linearities are due to the frequency shift during the mirror
movement. Since the movement doesn’t effect the beat signal, the dynamic non-linearities do
only effect the measurement signal. If the time difference does not match a quarter period of the
beat signal, static non-linearities occur regardless of the mirror movement. Fig. 9 illustrates how
non-linearities inﬂuence the measurement. The green plot shows a signal that has been detected
with a 90◦ time difference in a vector diagram. However, the red line shows the measurement
Usin
Ucos
Figure 9: A vector diagram visualizes the sine and cosine val-
ues of two different signals. In case of the green line, the
phase shift between the detections is exactly 90◦ of the cur-
rent signal. However, the red line represents a measurement
with a phase shift that is less than a quarter period. The
resulting non-linearity directly inﬂuences the measurement
of the interferometer and is periodically repeated.
of the same signal with a time difference that is lower than 90◦. The colored arrows represent
the pointers of both measurements at one certain moment. A black line indicates the current
deviation angle that is due to the non-linearity of the red signal. The angle deviation oscillates
with a period of λ/2 and directly inﬂuences the measurement of the interferometer.
5. EXPERIMENTAL RESULTS
After completion of the optical and electronic subsystems, the HIF was investigated widely.
This includes the separate veriﬁcation of the electronics as well as the overall system. In the
experiments, the focus was to determine the remaining non-linearities.
5.1. FPGA
In order to avoid static non-linearities, the measurement requires an ideal time difference between
sine and cosine detection of Δtideal = 14· f0 = 62.5ns (see section 4.1). However, the real system
uses the integrated clock of the FPGA as a time reference. It has a frequency of 125MHz which
allows for a time difference of Δtreal = 64ns. The following ﬁg. 10 shows the simulated ampli-
tude of the non-linearities, depending on the speed of the mirror. The dynamic non-linearities
increase linear with an approximate rate of 64.5 nmm/s . However, the deviation at zero velocity
−150 −100 −50 0 50 100 150
0
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Figure 10: Simulated deviation of the
HIF, depending on the velocity of
the measurement mirror. The value
increases linearly with a rate of
64.5 nmm/s and a horizontal offset of
29.5mms−1.
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represents the static non-linearities of ≈±1nm. If the measurement mirror moves with a speed
of 29.5mms−1 away from the HIF, the frequency of the signal matches with the detection timing.
Theoretically, the non-linearities are zero during this movement.
5.2. Interferometer
For determining the optical periodic non-linearities, the measuring mirror was ﬁxed on a brass
rod. The rod was heated by a winded wire so the measuring mirror was moved by the thermal
expansion of the rod. To eliminate electrical inﬂuences, the actual measurements were carried
out with the heater switched off, in the cooling phase of the rod. As the thermal shrinkage
can be considered free from periodic non-linearities, any detected periodic non-linearities can
be assigned to the interferometer. The three interferometer axes were measured separately for
determining the length non-linearities and also pairwise for the angular non-linearities. In this
case the brass rod drove a lever to which to measuring mirror was ﬁxed (ﬁg. 11).
interferometer
interferometer
Figure 11: Determining the periodic optical non-
linearities of the HIF. The measuring mirror is
driven by a heated brass rod (brown), using the
thermal expansion as a periodicity-free motion. To
reduce inﬂuences from the environment, the rod is
thermally isolated (gray).
Upper view: length measurement
Lower view: angular measurement
The identiﬁed optical non-linearities are considerably smaller than 1 nm in the proximity of
λ/2 and λ/4, The following ﬁgure 12 shows an example measurement for one interferometer axis.
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Figure 12: Periodic non-linearities of the
interferometer at a mirror velocity of
approx. 5 μm s−1. The main peaks are
at λ/2 (optical non-linearity) and 12 nm
which might result from acoustic inﬂu-
ences.
The investigations with this interferometer set-up were all carried out using photodiodes
as optical receivers. Additionally the interferometer was build up as full-ﬁbre assembly. By
supplying the heterodyne frequencies and returning the interferometer signals with ﬁbres, it is
possible to realise a completely passive interferometer assembly. This is especially useful for
e.g vacuum use, as there is no power dissipation inside the interferometer and hence no heat
transfer to the measuring volume. Furthermore the optical signal transmission is less susceptible
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to interference than an electrical one. The investigations on the full-ﬁbre version of the inter-
ferometer have shown that coupling the optical signals into multimode ﬁbres and placing the
photodiodes in sufﬁcient distance has no signiﬁcant effects on the measuring signal (amplitude,
noise, non-linearity) and hence the full-ﬁbre set-up can be used as needed.
5.3. Measurements in planar stage
After investigating the interferometer, it was installed into a planar stage to measure the height
and horizontal angular deviations of the slider as a proof of work. The planar stage consists of a
granite base and a slider which is guided by three air bearings with active height control [14].
The vertical rotation angle is controlled by three pairs of coils and two interferometers (x, y, ϕz).
The following ﬁgure 13 shows the planar stage and the interferometer.
Granite Base
Air Bearing
Stage with mirror
He-Ne-Laser
Frequency Control
He-Ne-Laser
Red Pitaya
Figure 13: Planar stage with air guided slider and 3 axis heterodyne interferometer. The HIF is
used to measure the height and angular deviations of the slider to allow for ofﬂine correction
or active height control as shown in [14].
After the adjustment of all components, ﬁrst measurements at rest were made to check the
function and stability of the system. After that the (circular) movement range of the slider was
scanned and the z-position as well as the angular deviations ϕx and ϕy were observed. The
following ﬁgure 14 shows the height deviation of the planar stage slider.
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Figure 14: Height deviation
of the planar slider, mea-
sured with the developed
heterodyne interferome-
ter. The ﬂatness devia-
tion is 65 nm in the whole
moving range.
6. CONCLUSION and OUTLOOK
A three axis heterodyne interferometer and data acquiring algorithm have been developed and
investigated. The interferometer is designed to be free from optical periodic non-linearities
and to require less optical parts and adjustment effort. This is achieved by separating the two
heterodyne frequencies throughout the whole interferometer and bring them to interference not
until they reach the photoelectrical detectors. The beam arrangement inside the interferometer is
optimised for an equal optical path for all beam pairs as well as easy adjustment. Measurements
were taken to determine the residual periodic non-linearities for the interferoemter and for the
electronics. The periodic non-linearities of the system are smaller than 0.1 nm at λ/2 and its
integer fractions. Finally, as a proof of work, the whole measuring system was installed in a
planar stage to determine the angular and height deviation of its slider. It could be shown that
height deviations smaller than 100 nm could be easily measured.
Future work will include further optical improvements (even less optical parts) while at the
same time increasing the resolution by a double-pass version of the interferometer. Furthermore,
the photodiode ampliﬁers have to be optimised (speed, noise) for the used beat frequency of
4MHz.
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